OBJECTIVE: Little is known about the regulation of apoptosis in the adipocyte. Using the 3T3-L1 cell model of adipogenesis, we investigated whether induction of apoptosis by serum-starvation is differentiation-speci®c. METHODS: Apoptosis was assessed by phase-contrast microscopy, Hoechst staining and DNA fragmentation. Protein expression levels were evaluated by immunoblot analysis. RESULTS: Following serum deprivation, Hoechst staining revealed chromatin condensation and formation of apoptotic bodies in 3T3-L1 preadipocytes, but not in differentiated adipocytes. Similarly, although cell cultures of serum-starved 3T3-L1 preadipocytes displayed extensive apoptotic DNA fragmentation, this was barely detectable for cell cultures subjected to differentiation medium, in which 70 ± 90% of the cells had assumed the mature phenotype. Consistent with the ability of the adipocytes to resist apoptosis, immunoblot analysis revealed that differentiated cell cultures expressed Bcl-2 and the endonuclease DNase I at higher and lower levels, respectively. CONCLUSION: Expression of cell survival genes is modulated during 3T3-L1 adipocyte differentiation, potentially contributing to the state of resistance to apoptosis observed for mature 3T3-L1 adipocytes upon growth factor deprivation.
Introduction
Apoptosis allows complicated developmental and homeostatic processes to occur by precisely regulating the type and number of cells present in the system. 1 However, very little is known about the role of apoptosis in adipose tissue. A reduction in DNA content within the adipose tissue of mice during models of catabolic stress has been suggested, but the exact identity of the deleted cells was not speci®ed. 2 Within adipose tissue, a pool of preadipose ®broblasts resides, committed to the adipose cell lineage. When appropriately triggered, these preadipocytes differentiate into adipocytes. 3, 4 To date, apoptosis of preadipocytes has only been described in the presence of delipidated serum supplemented with retinoic acid. 5 Another single report has indicated that apoptosis may occur in human adipocytes in culture upon heat treatment and serum-starvation. 6 Using the model of 3T3-L1 adipocyte differentiation (adipogenesis), we tested whether susceptibility to apoptosis is differentiation-dependent. Our data indicate that differentiated adipocytes are resistant to serum deprivation, and that they upregulate Bcl-2 and downregulate DNase I during their maturation, consistent with an acquired resistance to apoptosis.
Materials and methods

Cell culture and differentiation
Low passage murine 3T3-L1 preadipocytes (American Type Culture Collection, Rockville, Maryland, USA) were grown to con¯uence in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% calf serum. All media contained 100 unitsaml penicillin and 100 mgaml streptomycin. Con¯uent 3T3-L1 preadipocytes, in 10% serum (both calf and fetal bovine serum have been used with identical results), were induced to differentiate (day 0) with 100 nM insulin. Dexamethasone (0.25 mM) and isobutylmethylxanthine (IBMX)(0.5 mM) were present for the ®rst 48 h only. 7 From day 6±day 8, the cultures were maintained in 10% serum. The extent of differentiation, as assessed by morphology, was approximately 70±90%. This morphological change is routinely accompaned by an increase in glycerol phosphate dehydrogenase, an established marker of adipogenesis.
Hoechst stains (Hoechst 33248, Sigma, St. Louis, MO) were performed on con¯uent 3T3-L1 preadipocytes that were or were not subjected to the differentiation medium. Following serum starvation for the time indicated, the cells were ®xed in 10% neutral buffered formalin and incubated in Hoechst staining solution (0.1 mg Hoechst 33248aml phospate-buffered saline) for 10 min. Nuclear staining was examined under a Zeiss¯uorescence microscope.
Isolation and analysis of DNA Con¯uent 3T3-L1 preadipocyte cultures were either directly serum-starved, or ®rst subjected to the differentiation medium, prior to serum starvation. DNA was isolated (Qiagen BloodAmp kit, Qiagen, Mississauga, Ontario, Canada) from all cells (¯oating and adherent). The 3 H DNA ends were labeled with Kenow enzyme using [a 32 P]dCTP (Amersham, Arlington Heights, IL), as described. 8 Unincorporated nucleotides were removed with the Qiagen Nucleotide Removal kit, and labeled DNA was then resolved by 2% agarose gel electrophoresis to evaluate the internucleosomal DNA cleavage by endogeneous nuclear endonuclease activity. 8 Measurement of 32 P radioactivity in DNA bands less than 15 kb in length was performed with a BioRad phosphoimager (densitometric units).
Extraction and analysis of protein
Con¯uent 3T3-L1 preadipocytes were lysed in Laemmli buffer. 9 Solubilized protein from equal numbers of cells were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with anti-Bcl-2 antibody (rabbit polyclonal antibody directed to amino acids 4-21 of Bcl-2; Santa Cruz Biotech, Santa Cruz, CA) or anti-DNase I antibody (rabbit polyclonal antibody to DNase I; Chemicon, Mississauga, Ontario, Canada). Detection was by enhanced chemiluminescence (Amersham), using the appropriate secondary antibody conjugated to horseradish peroxidase (Amersham). Immunoblot exposures were scanned using the BioRad Gel Doc 1000 system and band intensity was quantitated by volume analysis in units of integrated optical densitometry (IOD).
Results
Growth factor withdrawal, that is, serum starvation, is well known to initiate apoptosis in a variety of cell types. Con¯uent 3T3-L1 preadipocytes and their differentiated counterparts were subjected to 48 h of serum-deprivation ( Figure 1 ). Previous studies have used this time period of serum withdrawal to assess cellular apoptic morphological changes. 6, 10, 11 Under phase-contrast light microscopy, characteristic changes of apoptosis were evident in the serumstarved preadipocytes. The preadipocytes appeared shrunken, and their phase-bright refractile appearance was indicative of membrane blebbing. The adipocytes showed no apoptotic changes; the apparent difference in the lipid droplets is because the camera focus for photomicrograph Figure 1C is on the cell borders, whereas in Figure 1D , it is on the lipid inclusions. The cells were then stained with Hoechst dye. Nuclear chromatin condensation and apoptotic bodies were clearly evident in the preadipocyte culture. In contrast, for cells subjected to the differentiation protocol, and which acquired the adipocyte phenotype, the nuclei were entirely normal in appearance. In none of the three independent experiments performed, was there any evidence of mature 3T3-L1 adipocytes acquiring apoptotic morphology, even at this prolonged period of growth factor deprivation. The nuclear apoptotic bodies which do appear in the cell cultures exposed to differentiation medium, are derived from residual preadipocytes which did not differentiate.
Since DNA cleavage can occur before the nuclear morphologic changes observed by Hoechst dye, we measured the DNA fragmentation pattern generated by the cells at these two stages of differentiation. Time course studies we performed indicated that 9 h of serum starvation was the earliest time point that laddering could be reliably detected. Therefore this duration of serum deprivation was chosen for these experiments. Figure 2A Figure 2B , column 4) can be accounted for by the presence of residual non-differentiated preadipocytes in these differentiated cultures.
We investigated whether the expression of two genes involved in cell survival was altered during adipocyte differentiation, that is, during the development of resistance to apoptosis exhibited by the adipocyte phenotype. We compared the basal expression of Bcl-2 ( Figure 3 ) and DNase I (Figure 4 ) by immunoblot analysis of protein extracts from cultures of con¯uent 3T3-L1 preadipocytes or differentiated adipocytes. Each ®gure shows a representative individual immunoblot as well as a histogram derived from quantifying the relative changes in expression of Bcl-2 and DNase I from four independent experiments each. Upon 3T3-L1 adipocyte differentiation, the expression of Bcl-2, a suppressor of apoptosis, 12 Adipocyte differentiation and apoptosis R Magun et al increased by 8.4-fold (n 4). Moreover, the differentiated 3T3-L1 adipose cells exhibited lower levels of DNase I (25% that of preadipocytes, n 4), an endonuclease believed to be responsible for internucleosomal DNA degradation observed during apoptosis. 13 The two bands (32 and 34 kDa isoforms) observed in Figure 4 may arise to differences in siliac acid residue content. 13 
Discussion
Our data demonstrate for the ®rst time that during the differentiation of 3T3-L1 adipocytes, there is a reduction in susceptibility of the cells to undergo apoptosis in response to serum-deprivation. The observed alterations in Bcl-2 and DNase I expression during Adipocyte differentiation is the well-studied process through which mature adipocytes arise from stromalvascular preadipose ®broblast-like cells. 4, 14 The 3T3-L1 murine preadipocyte line is one established model of adipogenesis, 3 and is believed to accurately re¯ect the in vivo biological features of adipocyte differentiation. 14, 15 In contrast to adipocyte differentiation, very little has been published on adipocyte apoptosis. When rodents or humans are placed in negative energy balance, through streptozotocin treatment or severe caloric restrictionamalignancy, respectively, reduction in adipocyte number and apoptosis may possibly occur, 16 but this remains to be ®rmly established. When human adipocytes in primary culture were heat-treated and serumdeprived, their DNA exhibited internucleosomal fragmentation. 6 Apoptotic DNA cleavage patterns were also observed when 3T3-L1 preadipocytes were cultured in delipidated serum conditions and exposed to retinoic acid. 5 Our data highlight a novel differentiation-dependent susceptibility of 3T3-L1 cells to undergo apoptosis in response to serum withdrawal. The resistance to apoptosis acquired by the 3T3-L1 differentiated adipocytes, correlates with alterations in the expression Adipocyte differentiation and apoptosis R Magun et al of Bcl-2 and DNase-I that would be expected to suppress apoptosis. Bcl-2 is often, but not invariably, associated with cell resistance to apoptosis-inducing stimuli. 12 It may dimerize either with itself or other members of the Bcl-2 family resulting in either a pro-or anti-apoptotic signal. Bcl-2 is decreased during the differentiation of HL60 myeloid leukemia cells and P19 cells, 17, 18 whereas it is upregulated during the differentiation of neuroblastoma cells. 19 DNase I is believed to be responsible for the internucleosomal DNA cleavages (characteristic laddering pattern) that occur during apoptosis. 13 The down-regulation of DNase I we observed during differentiation, mirrors the decreased susceptibility to apoptosis by serum deprivation displayed by the mature adipocytes. Developmental regulation of DNase I has been noted previously in rat granulosa cells, 20 and its presence was also associated with the capacity of the cell population to undergo apoptosis. A link between Bcl-2 and endogeneous nuclease activity has been reported. 21 Overexpression of Bcl-2 was found to decrease the level of endogenous nuclease activity, but whether this was due to changes in activity andaor expression level of DNase I, remains to be investigated. The reciprocal changes in Bcl-2 and DNase I abundance during adipocyte differentiation is consistent with a potential inverse functional relationship between these entities.
It should be noted that other factors may also potentially contribute to the resistance to apoptosis displayed by the differentiated adipocytes. Mature adipocytes might be more sensitive to endogenous IGF-1. Subtle differences in cell cycle kinetics may also be operative, although both con¯uent preadipocytes and the post-mitotic adipocytes are known to be growth-arrested. 14 
Conclusion
When 3T3-L1 preadipocytes differentiate into adipocytes, they acquire the ability to resist the apoptosisinducing stimulus of growth factor deprivation. The increase in Bcl-2 and the parallel decrease in DNase I suggest a potential mechanism that could contribute to the resistance to apoptosis.
